To evaluate these concerns, we collected 50 samples of PS packaging materials from the UK 20 and 20 from Ireland. HBCDD was detected in 63 (90 %) of samples, with concentrations in 4 21 samples from Ireland exceeding the EU's low POP concentration limit (LPCL) of 0.1 % 22 above which articles may not be recycled. Moreover, 2 further samples contained HBCDD > 23 0.01 %. While our samples were obtained in the 12 month period prior to the March 2016 24 introduction of the EU's 0.01 % concentration limit above which articles may not be placed 25 on the market, our data suggest that continued monitoring is required to assess compliance 26 with this limit value. Ratios of α vs. γ-HBCDD in our EPS packaging samples (average = 27 0.63) exceeded significantly (p=0.025) those in EPS building insulation material samples 28 (average = 0.24) reported previously for Ireland. This shift towards α-HBCDD in packaging 29 EPS is consistent with the additional thermal processing experienced by recycled PS and 30 suggests the source of HBCDD in PS packaging is recycled PS insulation foam. This is of 31 concern owing to the higher bioavailability and lower metabolic clearance of α-HBCDD 32 compared to the βand γ-isomers. 
Introduction 35
Polystyrene (PS) is widely used for thermal insulation of buildings as well as packaging for 36 applications such as food, laboratory chemicals and electronic appliances, with a global 37 market demand of 15 million tonnes in 2010 (Rani et al, 2014) . To meet fire safety 38 regulations, hexabromocyclododecane (HBCDD) has been used extensively throughout the 39 world for a variety of purposes; one of the most important of which being its application at 40 between 0.7-2.0 % w/w as an additive to impart flame retardancy to both expanded (EPS) 41 In recent years, there has been a drive in many jurisdictions, including the European Union 52 towards the "circular economy" in which recycling and re-use of materials is maximised to, 53
inter alia, minimise pressure on waste disposal infrastructure. However, concerns have been 54 raised that new applications of recycled polymeric material that in its original application had 55 γ-HBCDDs (50 µL of 1 ng µL -1 solution in hexane) used as internal (surrogate) standard 85 prior to dissolving in 2 mL of dichloromethane by vortexing for 2 min. The solvent was 86 evaporated to incipient dryness under a gentle stream of N 2 and target analytes were 87 immediately reconstituted in 2 mL hexane by vortexing for 2 min. The hexane extract was 88 washed with 2 mL of conc. H 2 SO 4 by vortexing for 1 min followed by centrifugation at 3000 89 g for 5 minutes. The organic layer was transferred to another clean tube and the acid layer 90 was washed twice with 2 mL of hexane. The combined hexane layer was evaporated to 91 dryness under N 2 prior to reconstitution in 150 µL of methanol containing 25 pg µL -1 of d 18 -92 γ-HBCDD used a recovery determination (syringe) standard for QA/QC purposes. 93
Instrumental analysis 94
Separation of α−, βand γ-HBCDD was achieved using a dual pump Shimadzu LC-20AB 95
Prominence liquid chromatograph equipped with SIL-20A autosampler, a DGU-20A3 96 vacuum degasser and an Agilent Pursuit XRS3 C 18 reversed phase analytical column (150 97 mm × 2 mm i.d., 3 µm particle size). A mobile phase program based upon (a) 1:1 98 methanol/water and (b) methanol at a flow rate of 150 µL min -1 was applied for elution of the 99 target compounds; starting at 50 % (b) then increased linearly to 100 % (b) over 4 min, held 100 for 7 min followed by a linear decrease to 60 % (b) over 4 min, held for 1 min and finishing 101 with 100 % (a) for 10 min. HBCDD diastereomers were baseline separated with retention 102 times of 10.6, 11.2 and 11.7 min for α-, βand γ-HBCDD, respectively. diastereomers, respectively. Specific instrumental calibration parameters are given in Table  108 SI-2. 109
Quality Assurance/ Quality Control (QA/QC) 110 111
Recoveries (average ± standard deviation) of the 13 C-labelled internal standards added to the 112 polystyrene samples were: α-HBCDD = 87 ± 10 %, β-HBCDD 84 ± 7 % and γ-HBCDD 90 ± 113 12 %. Detectable, but very low concentrations of αand γ-HBCDD (i.e. <5% of those 114 detected in samples) were obtained in two field blanks (n=6). Field blanks consisted of 115 sodium sulfate (0.2 g) treated as a sample. Concentrations in each batch of 10 samples were 116 thus corrected for the contamination detected in the associated field blank. Method 117 quantitation limits (MQLs) for individual HBCDD diastereomers were governed by the field 118 blanks (calculated as average + 3 SD of the blanks) and were 0.1 and 0.6 ng g -1 , for αand γ-119 HBCDD, respectively. For β-HBCDD, the MQL was 0.1 ng g -1 based on a S/N ratio of 10:1. 120
The accuracy and precision of the analytical method for HBCDD was assessed via replicate Table 1 summarises the concentrations of ΣHBCDD as well as those of individual α-, β-, and 132 γ-HBCDD diastereomers in our samples, with Table SI-1 providing concentrations in each  133 individual sample. Of particular note, is that in 4 samples from Ireland (3 packaging 134 "peanuts" (1 XPS and 2 EPS) and 1 packaging for laboratory glassware (XPS)), ΣHBCDD 135 was detected at a concentration exceeding the EU's LPCL of 0.1 % (1,000,000 µg kg -1 ). 136
Moreover, a further 2 samples (1 each from the UK -packaging for laboratory equipment 137 (EPS) -and Ireland -packaging "peanuts" (XPS)), contained HBCDD at a concentration 138 between 0.01 % and 0.1 %. Overall therefore, 6 of our samples would not be allowed onto the 139 EU market currently. We scrutinised our data for differences in concentrations of HBCDD in 140 samples from Ireland with those from the UK. To do so, we used t-tests to compare log-141 
Do HBCDD concentrations differ between EPS and XPS? 146
A comparable study in Korea reported HBCDD concentrations in EPS to exceed those in 147 XPS, although some of the EPS samples in the Korean study were building insulation and 148 thus likely to be have been intentionally treated with HBCDD to impart flame retardancy 149 (Rani et al, 2014) . We thus examined our data to see if significant differences existed 150 between concentrations in EPS and XPS. To do so, we used a t-test to compare log-151 activities, which is more likely to produce randomly distributed concentrations among the 163 different products studied, regardless of the PS type. 164 165
What annual mass of HBCDD is associated with EPS and XPS packaging? 166
The British Plastics Federation (BPF) estimated that 20,600 t of EPS and XPS were sold in 167 the UK in 2008, and further estimated that 40 % of the PS sold in the UK was treated 168 intentionally with HBCDD (AEA, 2010). Here we assume that this 40 % was used for 169 building insulation foam, and furthermore, that of the total mass of EPS and XPS sold in the 170 UK, 50 % (10,300 t) was used for packaging foam, with the rest used in minor applications 171 such as for rigid PS material in TVs (Harrad et al, 2009a ). We also assume that the quantity 172 of PS packaging foam used in Ireland is per capita identical to that in the UK (based on 2011 173
Census data for the UK of 63,182,000 and 2016 Irish Census data for Ireland of 4,761,185), 174 resulting in 776 t of PS packaging foam generated each year in Ireland. If we then multiply 175 the 5 th and the 95 th percentile concentrations of HBCDD we found in PS packaging from the 176 UK (19,000 µg kg -1 ) and Ireland (480,000 µg kg -1 ) by these masses of PS packaging, we 177 conclude that between 0.009 and 820 kg and 0.006-1,100 kg HBCDD are associated with the 178 Table s  194 1 and SI-1) is -at an average of 0.83 -higher than reported for commercial HBCDD, in 195 which the γ-diastereomer predominates (α:γ ratio <0.14) (Peled et al, 1995) . We therefore 196 hypothesised that the additional thermal processing experienced during the production of EPS 197 and XPS when recycled PS is used will result in a greater shift towards α-HBCDD 198 (manifested by lower α:γ ratios) than observed in first-use materials like building insulation. 199
To test this hypothesis, we compared using a t-test, the α:γ ratios in our UK and Ireland EPS The observed higher contribution of α-HBCDD to ΣHBCDD in recycled PS raises concern 231 over its human exposure implications. This is due to the reported higher dermal 232 bioavailability (Abdallah et al., 2015a) The data presented here augment significantly the global database showing that recycling of 244 waste PS containing HBCDD has resulted in a widespread and in some cases substantial 245 inadvertent presence of this restricted chemical in materials in which there is no legislative 246 requirement for that presence. A concern is that even effective enforcement of current LPCL 247 values would fail to remove most of the HBCDD associated with the packaging analysed in 248 our study as the concentrations present do not exceed the LPCL. As a consequence, 249 elimination of HBCDD from such packaging may take some time. Moreover, concentrations 250 in 6 samples would currently prevent them being placed on the EU market. While recycling 251 PS packaging material has many positive benefits, our study shows that it may bear 252 
